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Complex subcellular distribution of sodium-dependent amino acid
transport systems hi kidney cortex and LLC-PK1/Cl,4 cells. To character-
ize the amino acid transport system in basalateral membranes and to
test for possible intracellular loci of amino acid transport activity, we
surveyed the distribution of L-alanine transport activity in rabbit
proximal tubular cells and LLC-PK1/C14 cells. A three-dimensional
separation procedure based on differential sedimentation, density gra-
dient centrifugation, and counter-current distribution resolved 21 phys-
ically and biochemically distinct membrane populations from rabbit
cortex. Inhibition of L-alanine transport by phenylalanine and N-(me-
thylamino)isobutyric acid was used to delineate parallel amino acid
transport pathways. Population n was identified as brush border mem-
branes by virtue of its 16-fold maltase enrichment; 94% of its Na-
dependent alanine transport activity was mediated by systems previ-
ously shown to be characteristic of brush border membranes. Two
populations, c' and c", which accounted for 25% of the total Na,K-
ATPase activity, were identified as basalateral membranes on the basis
of Na,K-ATPase cumulative enrichment factors of 15 and 21; 82% of
the total alanine transport in these populations was mediated by a
Na4-independent system similar to the classical system L. Na,K-
ATPase, Na-independent and Na -dependent alanine transport activ-
ities were associated with intracellular membrane populations as well as
with the plasma membranes. The major intracellular locus of Na,K-
ATPase activity, population i accounted for roughly 31% of the Na,K-
ATPase, maximally enriched ninefold; it contained 29% of the total
system L transport activity. Population I, which was identified as
endoplasmic reticulum because it was the major locus of membrane-
bound NADPH cytochrome c reductase activity, contained 44% of the
total system A transport. Three distinct Golgi-derived populations, m',
m", and o, accounted for 39% of the total system A transport. A survey
of the amino acid transport systems in LLC-PK1/Cl4 cells showed that
the majority of system A-mediated amino acid transport was present in
membranes of intracellular and possibly apical origin. The presence of
large intracellular pools of amino acid transport activities might reflect
newly synthesized transport proteins, ongoing membrane recycling or,
perhaps, intracellular reserves available for rapid recruitment to the
plasma membrane.
The functional principle governing absorption of L-alpha
amino acids in the renal proximal tubule and small intestine is
summarized by the sodium gradient hypothesis, which Crane
[1] first formulated to account for intestinal glucose absorption.
According to this scheme, the apical membranes possess trans-
porters which couple the flux of amino acid to influx of sodium,
so that potential energy of the sodium gradient is coupled to
accumulation of amino acid against its electrochemical gradi-
ent; the basalateral membranes should require only sodium-
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independent, or equilibrating, amino acid transporters. As more
information about epithelial amino acid absorption has become
available, it has become clear that the thermodynamic principle
of the sodium gradient hypothesis is valid but that the mecha-
nistic details of amino acid absorption are quite complicated.
One aspect of this complexity is the fact that a single
membrane may contain several parallel pathways for a given
amino acid. For example, partially purified renal brush border
membrane samples contained two distinct systems capable of
mediating Na-dependent transport of L.alanine [2]. Both
systems interacted with phenylalanine but not with methylami-
noisobutyric acid; System 2 differed from System 1 in that it
also interacted with proline and beta-alanine. Studies with
partially purified intestinal basalateral membrane samples have
also revealed a multiplicity of transport pathways for L-alanine
[3]. As predicted by the sodium gradient hypothesis, the major
alanine transport pathway was independent of Nat, and it had
kinetic properties and substrate specificity characteristic of the
classical system L, which is found in a variety of non-epithelial
cell types. The sample also contained three separate sodium-
dependent systems. One system resembled the classical system
A, the second resembled the classical system ASC, and the
third had the novel property that it interacted with methylainin-
isobutyric acid but not with phenylalanine.
A second level of complexity is implied by the results of
studies of the short-term regulation of amino acid transport in
LLC-PK1/C14 cells and KB cells. The tumor promoter, TPA,
caused a rapid increase in system A mediated transport of
amino acids into LLC-PK1/Cl4 cells [4], and insulin caused a
similar, rapid increase of amino acid transport into KB cells [5].
In both cases, increased plasma membrane amino acid trans-
port activity appeared to result from recruitment of additional
preformed carriers from intracellular stores. Little is known
about the nature of these preformed pools or about their
possible presence in nontransformed renal or intestinal epithe-
hal cells. Furthermore, if such intracellular pools are present,
and if they are associated with membranes which have separa-
tion properties similar to those of the plasma membrane vesi-
des, they could greatly complicate efforts to use partially
purified plasma membrane samples for characterizing overall
absorptive mechanisms.
In this study we have attempted to address these concerns.
We have used a subcellular fractionation procedure which
incorporates separations based on sedimentation, equilibrium
density, and partitioning in an aqueous polymer two-phase
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system to map membrane populations from the rabbit renal
proximal tubule cells and to survey the distribution of alanine
transport activity among these populations. We found that in
the rabbit cortex a Na-independent, L-like system is, in fact,
the major alanine transport pathway in the basalateral mem-
brane population, and that the Na-dependent systems 1+2
together comprise the major alanine transport pathway in the
brush border membrane population. We have also found that
the renal cortex contains appreciable intracellular poois of
system L and of the sodium-dependent systems A, ASC, and
1+2. Since our interpretation of the data is complicated by the
cellular heterogeneity of renal cortical tissue, we also surveyed
the amino acid transport systems in a clonal cell line of proximal
tubule origin (LLC-PK1/Cl4). Our results show that the basalat-
eral membranes contain at most 10% of the total system
A-mediated amino acid transport activity, indicating that the
majority of system A-mediated amino acid transport is present
in membranes of intracellular and possibly apical origin.
Methods
Rabbit cortex
Homogenization and differential sedimentation. One male 2
kg New Zealand white rabbit was used for each experiment.
Mter the rabbit was sacrificed by injection of 1 ml sodium
pentobarbital (EUTHA-6), one kidney was removed and placed
in an ice-cold perfusion buffer that consisted of 5% sorbitol, 0.5
mM Na-EDTA, 0.2 m phenylmethylsulfonylfluonde (PMSF),
and 5 ifiM histidine-imidazole, pH 7.5. The renal artery was
cannulated, and the kidney was perfused with 200 ml perfusion
buffer. The capsule, having been ruptured in this procedure,
was peeled away. The cortex was removed, diced, and placed
in 30 ml ice-cold perfusion buffer supplemented with 8.5 g/ml
Aprotinin (isolation buffer). The cortical tissue was homoge-
nized with a Tissumiser (Tekmar Instruments) with a SDT
182 shaft and generator for 10 minutes at a thyristor setting of
55. The homogenate was centrifuged at 2,000 x g for 10
minutes; the resulting pellet was resuspended in 16 ml isolation
buffer, homogenized as above, and centrifuged at 2,000 x g for
10 minutes. The pellet was again resuspended, homogenized,
and centrifuged, and the final pellet, which was designated P0,
was resuspended in a small volume of isolation buffer and saved
for marker determinations. The pooled low speed supernatants,
which were designated S, contained membrane vesicles, mito-
chondria, and soluble components. After having been brought
to a final volume of 60 ml, S was homogenized for five minutes
and subjected to density gradient centrifugation. All separation
procedures were performed at 4°C.
Density gradient centrfugation. Equilibrium density gradient
centrifugation was performed in a Z-60 zonal rotor (Beckman
Instruments, Fullerton; California, USA). All gradient solutions
contained 5 m Na-EDTA, 0.2 m PMSF, 8.5 p.glml Aprotinin,
and 5 mis histidine-imidazole buffer, pH 7.5. The sorbitol
concentrations of all density gradient media are given in units of
wt/vol. The rotor was loaded in the following sequence: 5 ml
isolation buffer; 55 ml sample (S0); a hyperbolic density gradient
formed by delivering 165 ml 55% sorbitol through a constant
volume mixing chamber initially loaded with 82 ml 26.5%
sorbitol; a second hyperbolic gradient formed by delivering 75
ml 70% sorbitol through a constant volume mixing chamber
initially loaded with 58 ml 55% sorbitol; and a cushion of 80%
sorbitol. Mter loading, the rotor was run for 60 minutes at
250,000 x g. Following centrifugation, the rotor contents were
displaced with 80% sucrose and collected in 14.5 ml fractions.
Each fraction was diluted to 26 ml with isolation buffer and
centrifuged at 250,000 x g for 60 minutes. The pooled high-
speed supernatants were designated ES,. The high-speed pel-
lets, designated P1, were resuspended in 2.7 ml isolation
buffer, and 900 d aliquots were removed from each for marker
determinations. The remaining 1.8 ml were quickly frozen in
liquid nitrogen and stored at —70°C for subsequent transport
measurements and phase partitioning analyses. As will be
described under Results, density windows IV, V, and VI
contained both microsomal membranes and mitochondna. The
microsomal membranes were separated from the more rapidly
sedimenting mitochondria by differential rate sedimentation
through columns of 17.5% sorbitol as described by Mircheff and
Lu [6].
LLC-PK1/C14 cells
Cell culture. LLC-PK1/C14 cells were maintained in 75 cm2
tissue culture flasks in Dulbecco's modified Eagle's medium
containing fetal bovine serum (10% vol/vol), HEPES (15 mM),
L-glutamine (0.365 mg/mI), and gentamycin (0.02 mg/mi), at
37°C in an atmosphere of 8% carbon dioxide. Cells were
passaged from the flasks by rinsing the monolayer three times
with Hanks' balanced salt solution (without calcium and mag-
nesium) and exposing the cells to 0.05% trypsin for one minute.
The cells were diluted 1:5 with cell culture medium and the cells
were seeded into 15 cm culture dishes (Falcon) at a density of 2
x 106 cells/cm2. The medium was changed every other day.
Under these conditions, the cells usually became confluent in
six or seven days.
Cell harvesting. Each plate was rinsed with ice cold PBS
three times. The monolayer was then scraped with a rubber
policeman into a chilled 50 ml capacity collection tube. The
cells were centrifuged in an electrofuge at 2,000 rpm for five
minutes. After centrifugation, the supernatant was aspirated
and the resulting pellet was quickly frozen in liquid nitrogen and
stored at —70°C.
Homogenization and differential sedimentation. Immediately
prior to subcellular fractionation, the cells were quickly thawed
by addition of 5 ml of isolation buffer which had been pre-
warmed to 37°C. The cells were homogenized with a Tissumis-
er with an SDT O8OEN shaft generator for 10 minutes at a
thyristor setting of 55. The homogenate was centrifuged at 2,000
x g for 10 minutes in an 5S34 (Sorval) rotor. The resulting pellet
was resuspended in 5 ml isolation buffer, homogenized as
above, and centrifuged at 2,000 x g for 10 minutes, and the final
pellet, designated P0, was resuspended in 2 ml and saved for
marker determinations. The low speed supernatants were
pooled and designated S0. Four ml of S were added to 6 ml of
87.4% sorbitol, mixed thoroughly by vortexing, and chilled to
4°C for one hour prior to density gradient centrifugation.
Density gradient centrifugation. Equilibrium density gradient
centrifugation was performed in an SW 28 swinging bucket
rotor (Beckman). All gradient solutions contained 5 mt Na-
EDTA, 0.2 mri PMSF, 8.5 g/ml Aprotinin, and 5 m histidine-
imidazole buffer, pH 7.5; sorbitol concentrations are given in
units of wt/vol. The swinging bucket tubes were loaded in the
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following sequence: 1 ml isolation buffer; a hyperbolic density
gradient formed by delivering 18 ml 55% sorbitol through a
constant volume mixing chamber loaded with 8.9 ml 26.5%
sorbitol; a second hyperbolic gradient formed by delivering 8.2
ml 70% sorbitol through a constant volume mixing chamber
initially loaded with 6.3 ml 55% sorbitol; and a 1 ml cushion of
80% sorbitol. All solutions were delivered to the bottom of the
centrifuge tube via rigid tubing. The opening of the delivery
tubing was then brought to the middle of the gradient, and the
sample (S0) was applied. After loading, the swinging bucket
rotor was centrifuged at 100,000 x g for five hours. Following
centrifugation, the gradient was collected from the top in 1.5 ml
fractions with a Buchier Auto Densi Fløw. Each fraction was
diluted 1:1 with isolation buffer, mixed well, and kept on ice
prior to determination of marker distributions. After the assays
had been performed, the gradient fractions were pooled into
density windows, diluted to 26 ml with isolation buffer, and
centrifuged at 250,000 x g for 60 minutes in a Ti 70 rotor
(Beckman). The pooled high-speed supernatants were desig-
nated S1. The series of high speed pellets, collectively desig-
nated P1, were resuspended in 1 ml isolation buffer, and 100 ,sl
aliquots were removed for additional marker determinations.
The remaining 900 d of each sample were quickly frozen in
liquid nitrogen and stored at —70°C for subsequent transport
measurements and phase partitioning.
Phase partitioning. Procedures for harvesting membranes
from pooled density gradient fractions were described previ-
ously [6]. Phase partitioning analysis was performed in the
thin-layer apparatus described by Albertsson [7, 8] with a
two-phase system consisting of 5% Dextran T-500, 3.61%
polyethyleneglycol (Carbowax) 8000, 5% sorbitol, 10 M
NaEDTA, and 8.33 mrs imidazole-HC1, pH 6.55 [9].
Alanine transport. Membranes harvested after density gradi-
ent centrifugation or phase partitioning analysis were diluted
with a loading solution consisting of 30 m KCI, 340 mM
sorbitol, and 5 mrs Tris-HEPES (pH 7.6), then centrifuged at
250,000 x g for 60 minutes, and resuspended in loading solu-
tion. The reaction media consisted of 10 ,.LM 14C-L-alanine (1.7
CiIml), 340 m sorbitol, 5 mM Tris-HEPES (pH 7.6), and
either 50 ms NaC1 or 50 mrs KC1. For amino acid competition
experiments, the test amino acids, phenylalanine and N-(meth-
ylamino)isobutyric acid, were present at final concentrations of
62.5 m (osmolarity was kept constant by appropriate reduc-
tions of the medium sorbitol concentration). Reactions were
initiated by mixing 25 s1 aliquots of the membrane sample
(containing 5 to 25 g protein) with 75 d aliquots of reaction
medium. The aliquot of membrane sample was placed in the
reaction tube just above the reaction medium. The reaction was
initiated by vortexing the tube which allowed the sample and
reaction medium to combine. Reactions were quenched after 15
seconds by addition of a 10-fold excess of ice-cold stop solu-
tion, which contained 400 m sorbitol and 5 mrvi Tris-HEPES
buffer, pH 7.6. Membranes were collected by ultrafiltration on
pre-rinsed 0.45 jsM pore size nitrocellulose filters, which were
then rinsed with a 4 ml aliquot of stop solution and transferred
to vials for scintillation counting. The '4C alanine retained on
the filters were expressed as intravesicular space in units of p1
as described by Mircheff and co-workers [2]. The difference
between the rates of uptake of '4C alanine in the presence and
absence of external Na was used as a measure of Na-
dependent alanine transport. For delineation of transport sys-
tems, we utilized the strategy devised by Christensen [10, 11]
and subsequently employed by Mircheff and co-workers [2, 3].
The component of Na-dependent alanine influx mediated by
system A was measured as the fraction inhibited by N-(meth-
ylamino)isobutyric acid. The component of Na-dependent
alanine flux remaining in the presence of phenylalanine was
equal to the fraction mediated by system ASC [3]. The compo-
nent of Na-dependent alanine flux inhibited by phenylalanine
but not by N-(methylamino)isobutync acid, was attributed to
systems 1+2 [2]. The component of Na-independent influx
which was inhibited by phenylalanine was attributed to system
L: this system was insensitive to N-(methylamino)isobutyric
acid. Since the linearity of the transport assay could be related
to vesicle diameter, a time course (Fig. 2) to determine the
initial rates was performed on the various membrane fractions.
Analytical methods
The fractions obtained from the density gradient and phase
partitioning separations were analyzed for biochemical markers
by previously described methods [12]. Incremental enrichment
factors resulting from individual separation steps were calcu-
lated as ratios of percentage of recovered marker activity to
percentage of recovered protein. Cumulative enrichment fac-
tors were calculated as the products of the incremental enrich-
ment factors from each of the sequence of separation steps [6].
Materials
'4C-L-alanine was obtained from Amersham, and 3H-D-
mannitol was from ICN. Sorbitol was a Baker analyzed reagent.
Dextran T-500 was from Pharmacia, and polyethyleneglycol
(carbowax 8000) was from Union Carbide. PMSF and Aprotinin
were from Sigma. All other chemicals were reagent grade and
obtained from standard suppliers.
Results
We analyzed the distributions of a battery of biochemical
markers after performing a sequence of separations based on
sedimentation coefficient, equilibrium density, and partitioning
in an aqueous polymer two-phase system [12]. We then were
able to delineate membrane populations which were unique
with respect to at least one of the physical properties detected
by the separation procedures.
Rabbit cortex
Differential sedimentation. We used differential sedimenta-
tion to generate three broad windows, designated P0, P1, and
related to the membrane sedimentation coefficient, The
marker contents of these windows are given in Table 1.
contained 55.3% of the N-acetyl-beta-D-glucosaminidase,
which suggested that the homogenization procedure caused
substantial lysosomal disruption. also contained 46.5% of
the NADPH-cytochrome c reductase activity; this result was
consistent with previous fractionation studies of the rat exor-
bital lacrimal gland [6] and parotid gland [13]. P1 contained
97% of the initial maltase and 84.8% of the Na,K-ATPase,
consistent with previous fractionation studies of the rat kidney
cortex [14]. P, also contained 52.5% of the mitochondrial
marker, succinate dehydrogenase. The recoveries of tnaltase
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Table 1. Distribution of markers after differential sedimentation
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S0 P0 Si ZPi Recovery
Alkaline phosphatase (8) 89.5 7 10.5 7 7.6 4 81.2 10 49.6 14
Acid phosphatase (9) 80.8 11 19.2 11 20.0 5 60.3 11 80.2 13
Na,K-ATPase (8) 89.2 6 10.8 6 3.0 2 84.8 8 93.7 14
Maltase (7) 97.4 3 2.6 3 0.0 97.4 100.0
NADPH cytochrome c 85.2 12 14.8 12 46.5 7 38.8 10 99.9 26
reductase (6)
Succinate dehydrogenase (9) 53.1 16 46.9 16 3.7 3 52.5 14 86.7 15
Leucine-aminopeptidase (4) 85.6 24 14.4 24 4.3 2 91.8 6 86.0 7
Gamma-glutamyl 88.6 11 11.4 11 0.0 89.4 13 84.7 13
transpeptidase (4)
N-acetyl-B-glucosaminidase (4) 76.1 16 23.9 16 55.3 11 13.8 2 72.6 4
Galactosyl-transferase (2) 82.4 8 17.6 8 22.1 2 60.3 6 167.6 6
Protein (9) 79.5 8 20.5 8 45.4 7 33.4 6 92.8 13
Values are mean percentages (±sD) of total activity recovered in S0 and P0. ZPi and Si represent the sums of the pellets and supernatants by
centrifuging density gradient fractions at 100,000 x g for 60 minutes.
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and gamma-glutamyltranspeptidase were 100% and 84.7%, re-
spectively. The recovery of alkaline phosphatase was 49%,
which was low compared with that seen in rat renal fraction-
ation studies [14] and perhaps reflects the labile nature of
alkaline phosphatase in rabbit renal cortex.
Density gradient centrfugation. Figure 1 shows the density
distributions of eleven markers from a representative density
gradient centrifugation analysis. Based on the salient features of
the marker distributions, we delineated six density windows.
Table 2 summarizes the distributions of markers among these
windows. All of the markers had multimodal distributions,
suggesting that each was associated with more than one mem-
brane population. The Golgi marker, galactosyltransferase,
appeared to be concentrated in a major population centered in
density window II. The endoplasmic reticulum marker,
NADPH-cytochrome c reductase, was also concentrated in
density window II, but the distributions of these two markers
were clearly independent of each other. The primary brush
border membrane marker, maltase, was associated with a
membrane population which spanned windows III and IV. The
basalateral membrane marker, Na,K-ATPase, was concen-
trated in window III and extended into window IV, partially
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Fig. 1. Density distribution of biochemical
markers. Density-gradient centrifugation was
performed for 60 mm in a Z-60 zonal rotor as
described under Methods. Each fraction was
diluted with 1 volume of isolation buffer, and
membranes were harvested by centrifugation
at 250,000 x g X mm.
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Table 2. Density distribution of biochemical markers
I II III IV V VI
Alkaline phosphatase (8) 3.3 3 12.9 4 37.4 7 35.0 6 6.3 2 4.2 3
Acid phosphatase (9) 2.8 1 34.5 4 28.6 4 21.1 4 8.4 3 4.5 2
Na,K-ATPase (9) 4.6 3 10.5 4 50.1 7 28.7 12 6.0 3 4.9 2
Maltase (7) 7.1 4 9.0 5 33.0 5 44.7 10 4.6 3 1.4 1
NADPH cyt c reductase (6) 12.0 4 31.6 9 20.4 4 13.2 5 11.0 7 11.8 3
Succinate dehydrogenase (9) 2.9 2 3.9 2 10.7 5 24.8 10 41.2 13 16.2 9
Leucine-aminopeptidase (4) 1.8 3 17.6 13 33.0 9 32.4 16 10.5 6 4.6 3
y.glutamyl transpeptidase (4) 1.9 1 16.0 5 40.8 10 34.7 8 4.4 1 1.8 2
N-acetyl-/3-glucosaminidase (3) 15.5 2 12.4 2 12.6 1 14.6 5 15.7 5 28.4 2
Galactosyl-transferase (2) 4,8 1 61.5 12 18.0 5 9.7 4 3.5 1 2.6 1
Na-alanine (1) 0.4 32.2 35.0 20.0 9.9 2.2
Protein 11.0 2 16.0 3 21.8 3 23.0 5 16.8 5 11.2 5
Values are mean SD given as percentages of the total activities recovered in pooled pelleted density-gradient fractions; number of
determinations are given in parentheses.
Table 3. Distribution of markers between microsomal and mitochondrial fractions from windows IV, V, and VI
Microsomal fraction Mitochondrial fraction
Window IV Window V Window VI Window IV Window V Window VI
Alkaline phosphatase 22.5 6 (3) 4.5 4.5 17.5 5 (3) 2.9 2.4
Acid phosphatase 14.5 4 (3) 4.8 3.1 8.6 2 (3) 2.1 1.9
Na,K-ATPase 13.4 6 (3) 1.4 2.7 15.5 4 (3) 5.0 5.4
Maltase 28.2 7 (3) 1.6 0.0 18,2 3 (3) 0.7 0.0
NADPHcytcreductase 7.0 3.3 2.1 3.5 0.9 9.2
Succinate dehydrogenase 4.7 1.0 0.4 26.1 36.4 16.8
r.glutamyl transpeptidase 33.0 1.5 0.2 10.4 1.9 0.1
Galactosyl-transferase 6.8 3.3 1.8 5.9 0.5 1.5
Na-alanine 14.9 7.1 0.6 5.0 2.7 1.6
Protein 12.1 1(3) 2.9 3.1 11.9 1(3) 11.4 10.2
Values are mean percentage yields SD; Number of determinations are given in parentheses. Density windows IV, V, and VI were separated
into microsomal and mitochondrial fractions by differential rate sedimentation. Aliquots from each density gradient fraction were pooled, diluted
up to 6 ml, and layered over 31 ml columns of 17.5% sorbitol, and centrifuged in an SW-28 rotor at 15,000 rpm for 25 minutes. The resulting pellet
was designated the mitochondrial fraction, and membranes harvested by high speed centrifugation of the combined sample layer and sorbitol
column were designated the microsomal fraction.
overlapping the maltase distribution. Succinate dehydrogenase
had a relatively simple distribution, with a peak in density
window V; it was overlapped by the major peak of N-acetyl-
beta-D-glucosaminidase, which was broadly distributed
through the density gradient. Mitochondria were separated
from microsomal membranes in windows IV, V, and VI by
differential rate sedimentation, and the resulting marker distri-
butions are summarized in Table 3.
Renal cortex membrane samples from density windows II,
III, and IV were used for initial characterizations of the tracer
uptake method for measuring amino acid transport activity.
Figure 2 presents time courses of sodium dependent uptake of
'4C alanine in the presence and absence of N-(methylami-
no)isobutyric acid. Uptake appeared to proceed almost linearly
for as long as 15 seconds. Inhibition of Na-dependent alanine
transport were seen only in samples from density window II.
The density distribution of Nat-dependent alanine transport
was roughly similar to that of maltase. However, divergence
between Na-alanine transport and the brush border markers
indicated that Na-alanine transport activity was associated
with one or more populations centered in density window II in
addition to the brush border membrane populations in windows
III and IV. The distribution of Na-independent alanine trans-
port activity diverged from that of Na-dependent transport,
and 90% of the recovered Nat-independent alanine transport
activity was in density window III (data not shown).
Phase partitioning. The distributions of markers in Figure 1
indicated that most of the density windows might contain
several membrane populations with similar modal densities.
Except for the mitochondria, these appeared to be microsomal
membranes, so that they could be separated from each other
only by procedures operating on the basis of properties other
than sedimentation coefficient and equilibrium density. To this
end, we employed countercurrent distribution in an aqueous
dextran-polyethyleneglycol two-phase system. The theory un-
derlying the use of this liquid chromatographic procedure has
been reviewed by Albertsson [7, 8], and its application to
comprehensive subcellular fractionation was suggested by
Mircheff [9]. All six density windows were analyzed by coun-
tercurrent distribution in the same phase system. The results
confirmed that each window contained samples of from two to
five distinct membrane populations.
Figure 3 summarizes a representative analysis of window III.
This separation resolved, at least partially, five membrane
populations. The first population (n), which was centered in
fractions 10 to 20, could be visualized from the large peaks of
maltase and Na-alanine transport activity. The second popu-
lation (o) spanned fractions 10 to 50 and accounted for the broad
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Fig. 2. Time courses of uptake of '4C alanine by renal cortex samples from density windows II, III, and IV in the presence and absence of
N-(methylamino)isobutyric acid. (0) Na-dependent 14C alanine uptake; () Na -independent '4C alanine uptake; (I); Na-dependent 14C alanine
uptake in the presence of N-(methylamino)isobutyric acid.
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peakof NADPH-cytochrome c reductase. The third population(i) was most readily apparent from the peaks of leucine-
aminopeptidase, Na,K-ATPase, and protein between fractions
40 and 60. The fourth population, (c') accounted for the
relatively high specific activity of Na,K-ATPase in fractions 60
to 80. The fifth population (c") spanned fractions 70 to 110 and
accounted for the major peak of Na,K-ATPase. Comparison of
the distribution of Na-a1anine transport activity with the other
markers suggests that the Na-alanine transport activity in
samples of populations c' and c", that is, between partitioning
fractions 60 and 110, could be assigned to membranes spilling
over from populations o and i. The modal partitioning position
of population c" varied somewhat between preparations, and in
some cases c" could not be resolved from C'; therefore, the two
populations were always pooled for detailed studies of alanine
Fig. 3. Counter-current distribution of density
window ii!. Counter-current distribution was
performed in the thin-layer apparatus
described by Albertsson [7, 81. The aqueous
two-phase system contained 5% dextran T500,
3.6 1% polyethyleneglycol 8000, 5% sorbitol,
10 jM EDTA, and 8.3 m imidazole
hydrochloride, pH 6.55. Values are given as
percentages of total activities recovered after
counter-current distribution. The distribution
of markers indicate the existence of five
distinct membrane populations; n was
centered in fractions 10 to 20, o between
fractions 10 and 50, i between fractions 40 and
60, c' between fractions 60 and 80, and c"
between fractions 70 and 110.
transport pathways. The phase partitioning analyses of win-
dows I through VI are summarized in Figure 4 in the form of a
two-dimensional separation.
By using the criteria that membrane samples should be
assigned to different membrane populations if (i) their partition-
ing modes were at least 10 fractions apart or (ii) if their marker
cumulative enrichment factors differed by 2 or more [2, 6, 13,
141, we were able to delineate 20 different microsomal mem-
brane populations. A qualitative representation of the positions
of these populations on the density-partitioning plane is pre-
sented in the bottom-right panel of Figure 4, and their marker
cumulative enrichment factors are summarized in Table 4. It
was possible to provisionally identify several of the populations
depicted in Figure 4 on the basis of their marker contents.
Population I could be identified as having been derived from
Window II
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NA,K-ATPase NADPH cytochrome c reductase
20 40 60 80 100120
Fig. 4. Summary of density-gradient and counter-current distribution analysis in the form of a two-dimensional separation. Elevation above the
density partitioning plane is proportional to percentage of total recovered activity (calculated as cumulated products of the percent yields obtained
in each of the individual separation steps) divided by the number of density-gradient fractions per density window. An interpretation of this
two-dimensional separation in terms of approximate positions of distinct membrane populations is shown in the bottom right panel.
the endoplasmic reticulum because of its content of NADPH-
cytochrome c reductase activity (14% of the total recovered
activity) and its relatively small cumulative enrichment factors
for the other biochemical markers. Populations m' and m" were
the major loci of highly enriched (10- to 12-fold) galactosyltrans-
ferase and, therefore, appear to have been derived from trans
elements of the Golgi complex; they were pooled for experi-
ments designed to delineate alanine transport pathways. While
the exact identity of population o is not clear, its high galacto-
syltransferase content suggested that it was also related to the
c3olgi complex. Population n, which spanned density windows
III and IV, could be identified as brush border membranes,
since it accounted for 53% of the total recovered maltase
activity and was the locus with the greatest maltase cumulative
enrichment factors (16.3). This enrichment factor is comparable
to those reported for brush border membrane vesicle prepara-
tions obtained with divalent cation precipitation procedures, but
it is substantially lower than that reported for highly purified brush
border membranes obtained with a two-stage isolation incorporat-
ing both divalent cation precipitation and countercurrent distribu-
tion [15]. This discrepancy suggests that spillover by elements of
populations o and p might account for relatively large fractions of
protein in the samples of population n in Figure 4. Populations c'
and c" were important loci for Na,K-ATPase, and with cumulative
enrichment factors of 15 and 21, were the populations with the
highest specific contents of this marker. Therefore, they were
identified as basalateral membranes. The samples of population
i also had relatively large (that is, 9-fold) Na,K-ATPase cumu-
lative enrichment factors. Unfortunately, populations c' and i
appeared to overlap extensively, so it is not clear how Na,K-
ATPase was partitioned between them. Because its relative
Na,K-ATPase specific content must be less than 9.0, population
I appears to represent membranes of intracellular, rather than
basalateral membrane, origin; as such, it corresponds to intra-
cellular populations with similar density-partitioning properties
and Na,K-ATPase specific contents resolved from small intes-
tine [16] and exorbital lacrimal gland [6]. Previous studies of
proximal tubular basalateral membrane transport processes
Maltase
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Table 4. Marker cumulative enrichment factors in membrane populations resolved from rabbit cortex
Pop
Alkaline
phosphatase
Acid
phosphatase
Na,K-
ATPase Maltase
NADPH
CCR LAP r-GGTPase
Galactosyl-
transferase
a 2.2 1.9 2.7 1,6 0.1 0.4 1.0 1.0
b 3.6 0.6 (5) 11.6 6.0 (6) 2.7 1.2 (5) 1.2 0.4 (4) 1.0 0.9 (4) 9.4 3.0 1.4 (2) 4.8
c' 4.8 0.8 (4) 3.0 0.6 (4) 14.7 1.2 (4) 2.1 0.5 (3) 1.0 0.1 (2) 7.3 5.0 1.4
c" 4.3 1.1 (4) 2.5 0.4 (3) 20.7 5.7 (4) 1.5 1.3 (3) 0.8 0.6 (3) 5.7 2.8 0.6
d 4.8 1.0(3) 1.0 0.4 (2) 2.8 0.1 (2) 0.0 (2) 0.4 0.1 (2) 0.8 0.4 ND
e 5.7 1.7 4.6 0.0 6.3 0.4 3.9 NDf 3.8 13.2 3.0 2.3 0.0 0.0 1.7 ND
g 1.7 2.4 2.6 0.0 1.2 0.0 1.6 ND
h 1.3 4.1 5.3 0.0 1.0 0.0 1.1 ND
i 4.4 0.2 (3) 2.4 0.2 (3) 9.0 1.8 (4) 1.2 1.1 (3) 0.6 0.2 (3) 5.8 4.8 1.7j 0.6 0.2 0.9 0.5 1.0 0.2 0.2 0.6
k 0.7 0.0 0.6 0.7 1.0 0.2 0.3 0.6
I 1.5 0.4 (6) 2.0 0.4 (6) 0.9 0.4 (5) 2.0 0.7 (3) 1.7 1.1 (4) 0.9 1.8 0.4 (2) 2.9
m' 1.8±0.3(5) 3.4±0.9(6) 1.6±0.6(6) 1.4±0.3(3) 2.0±0.6(4) 1.1 2.6±0.8(2) 10.3
m" 2.0 0.3 (6) 3.6 0.6 (6) 1.6 0.5 (5) 1.6 0.7 (4) 4.0 2.0 (4) 1.6 2.8 0.6 (2) 12.0
n 3.8 1.2 (4) 1.0 0.2 (3) 1.5 0.2 (2) 16.3 7.9 (4) 1.0 0.6 (2) 6.3 0.5 ND
o 4.6 0.9 (4) 2.6 0.3 (4) 4.7 0.7 (3) 3.4 0.5 (4) 1.2 5.9 7.9 4.1
p 4.0 0.4 (4) 1.6 0.7 (4) 2.8 0.2 (4) 4.4 1.5 (3) 0.4 0.1 (2) 4.6 1.0 ND
q 3.0 1.6 0.9 1.4 0.6 1.3 1.9 ND
r 4.2 1.5 1.8 0.0 0.3 0.2 0.8 ND
Values are means number of determinations are given in parentheses. Cumulative enrichment factors relate observed marker specific
activities to specific activities in the initial homogenate. The calculations, which include corrections for recovery, were performed as outlined under
Methods and described in detail by Mircheff and Lu [61.
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have consistently utilized preparations characterized by Na,K-
ATPase enrichment factors of 9 or 10 [17—19]. Thus, it is likely
that such preparations consisted of either relatively pure sam-
ples of population i, which is not of basalateral origin, or
samples in which populations c' and c" represent less than 50%
of the protein.
Sodium-dependent alanine transport. As demonstrated in
Figure 4, large amounts of Na-dependent alanine transport
activity were associated with: the brush border membrane
population (n), which accounted for 22% of the total recovered
Fig. 5. Relative contributions of parallel L-
['4C1 Na-alanine transport pathways in
membrane populations from density windows
IV, V, VI. Transport pathways were identified
on basis of differential sensitivities to L-
phenylalanine and N-(methylamino)isobutyric
acid in the presence of sodium (system 1+2,
ASC, and A). A version of the population
map from Figure 3 which has been scaled to
match the accompanied graph is shown in the
bottom right panel.
activity; with membranes derived from the endoplasmic retic-
ulum (population 1), which accounted for 21% of the total
recovered activity; and with membranes related to the trans
Golgi complex (populations o and m' + m"), which accounted
for 15% and 12% of the recovered activity. Relatively smaller
Na-alanme transport activities were associated with popula-
tion i (7% of the total recovered activity); with population p
(11% of the total); and with the combined basalateral membrane
populations, c' + c" (4% of the total).
As noted above, epithelial cell plasma membranes have been
Ill
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Fig. 6. Relative contributions of system L transport in membrane
populations from density windows IV, V. and VI. Presence of system L
transport was identified on the basis of sensitivity to L.phenylalanine in
the absence of sodium. The distribution reflects the percentage of the
total system L transport in each population. A version of the population
map from Figure 3 which has been scaled to match the accompanied
graph is shown in the bottom right panel.
recognized to possess several parallel alanme transport path-
ways which can be distinguished on the basis of their abilities to
interact with selected test amino acids. However, alanine
transport activity has not been previously demonstrated in
intracellular membranes, so nothing is known about the path-
ways which mediate this activity. To delineate a minimal
number of transport pathways for L-alanine in several of the
populations depicted in Figure 4, we measured the effects of
phenylalanine and methylaminoisobutyric acid on alanine influx
in the presence and absence of Nat The results of these
experiments are summarized in Figure 5. As was expected from
the results Mircheff and co-workers [2] obtained with a rabbit
renal brush border preparation, systems 1+2 accounted for 94%
of the Nat-dependent alanine influx in population n. Systems
1+2 also were responsible for the small Nat-dependent alanine
influx in the basalateral membranes (populations c' + c"). In
population 1, Na-alanine transport was mediated primarily by
Table 5. Distribution of markers after differential sedimentation of
LLC-PK1 homogenate
S0 P0 P, S, Recovery
Alkaline 97.4 2.6 69.9 27.5 73
phosphatase
Acid 95.9 4.1 56.7 39.2 100
phosphatase
Na,K-ATPase 98.8 1.2 93.9 4.9 102
Protein 90.3 9.7 24.6 65.7 154
I II III
Alkaline phosphatase 33.8 52.6 12.3
Acid phosphatase 32.8 53.3 12.1
Na,K-ATPase 49.2 37.9 12.0
NADPH cytochrome c 23.2 25.5 32.2
reductase
Succinate 8.7 36.8 42.2
dehydrogenase
System A 27.1 65.0 7.9
System ASC 33.4 59.4 7.2
System 1+2 17.9 66.0 16.1
System L 25.7 69.4 4.8
Protein 16.3 36.8 41.4
systems A and ASC. In fact, the system A mediated-transport
activity of this population accounted for 13% of the total
recovered Na-alanine transport activity. Systems A and ASC
were also the dominant Na-a1anine transport pathways in
populations m' and m"; the system A-mediated transport in
these transGolgi samples accounted for 8% of the total recov-
ered Na-alanine transport activity. Population o, which also
appeared to be related to the Golgi complex, exhibited appre-
ciable activities attributable to systems 1+2, system A, and
system ASC. Population p, which we are unable to identify,
was a major locus of system ASC-mediated Na-alanine influx.
Sodium-independent alanine transport. Figure 6 depicts the
distribution of Na-independent alanine transport. This activity
appeared to be mediated by a system resembling the classical
system L, because it was sensitive to phenylalanine but not to
methylaminoisobutyric acid. As predicted by the sodium-gradi-
ent hypothesis, system L accounted for 82% of the total
mediated alanine transport in the basalateral membranes (c' +
c"). However, populations i and o were the major loci of system
L-mediated alamne influx. The sample of population i ac-
counted for 29% of the total recovered activity, and the sample
of population o accounted for 27%. In Figure 6, the combined
brush border samples from window III and window IV appear
to account for 23% of the system L mediated alanine influx.
Most of this activity can be attributed to membranes spilling
over from population o in the sample from density window III,
since the sample of population n from window IV, which was
relatively free of contamination from population o, had negligi-
ble system L activity. Modest amounts (3% and 2%) of the total
A
I I System L/-7// /'Z/Z/////// I,
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Values given are mean percentages of total activity recovered in S0
and P0. ZP1 and S1 represent the sums of the pellets and supernatants
by centrifuging density gradient fractions at 250,000 x g for 60 minutes.
Table 6. Distribution of biochemical markers and alanine transport
systems after density gradient analysis of LLC-PK1 crude membrane
fractions from S0
B
20 40 60 80 100 120
Partitioning
Values are means given as percentages of the total activities recov-
ered in pooled pelleted density-gradient fractions.
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Fig. 7. Density distribution of enzymatic
markers and alanine transport systems in
LLC-PK1/C14 cells. Density gradient
centrifugation was performed for 60 mm in a
Z-60 zonal rotor as described under
METHODS. Each fraction was diluted with 1
volume of isolation buffer, and membranes
were harvested by centrifugation at 250,000 x
g x mm. Transport pathways were identified
on the basis of differential sensitivities to L-
phenylalanine and N-(methylamino)isobutyric
acid in the presence of sodium (systems 1+2,
ASC, and A). Presence of system L transport
was identified on the basis of sensitivity to
L-phenylalanine in the absence of sodium.
recovered system L activity were associated with the major
endoplasmic reticulum-derived population (I) and with the
major transGolgi populations (m' + m").
LLC-PK1/C14 cells
Density gradient centr(fugation. The marker contents of the
differential sedimentation windows are given in Table 5. Figure
7 shows the density distribution of four enzyme markers. On
the basis of these distributions, the density gradient fractions
were pooled into three density windows and Na-alanine
transport systems 1+2, A, ASC, and the Na-independent
system L were analyzed. The marker contents of these win-
dows are given in Table 6.
The basalateral membrane marker Na,K-ATPase was con-
centrated in density window I with a slight shoulder extending
into density window II. Acid phosphatase and the brush border
marker, alkaline phosphatase, had bimodal distributions and
were heavily represented in density windows I and II. The
endoplasmic reticulum marker, NADPH cytochrome c reduc-
tase, was broadly distributed throughout the density gradient,
and the peak of protein was centered in density window III.
Density window II contained the peaks for the alanine transport
systems 1+2, A, ASC, and L. The finding that the major locus
of system A transport did not coincide with the major peak of
Na,K-ATPase suggests that this transport system was associ-
ated with membrane populations other than the basalateral
membranes.
Phase partitioning. To determine the extent to which the
system A transport activity was associated with the various
membrane populations, we subjected samples of density win-
dows I, II, and III to analysis by phase partitioning. Figure 8
Table 7. Marker cumulative enrichment factors in isolated membrane
populations obtained by phase partitioning analysis of control density
gradient fractions
Population
Alkaline
phosphatase
Acid
phosphatase Na,K-ATPase
a' 14.29 11.80 8.94
a" 13.12 10.87 2.67
b 4.97 3.60 0.75
c 6.94 5.80 16.96
d 2.62 2.01 6.32
e 1.20 1.65 4.43f 1.02 1.05 3.48
g 0.36 0.32 1.37
Cumulative enrichment factors relate observed marker specific activ-
ities to the specific activities in the initial homogenate. The calculations,
which include corrections for recovery, were performed as outlined
under Methods as described in detail by Mircheff and Lu [6].
shows the result of the phase partitioning analyses in the form
of a two dimensional separation.
By applying the same criteria as for interpretation of density-
phase partitioning diagrams of rabbit kidney cortex, we were
able to delineate eight different microsomal membrane popula-
tions. A qualitative representation of the positions of these
populations on the density-partitioning plane is presented in the
bottom panel of Figure 8, and their marker cumulative enrich-
ment factors are summarized in Table 7. It was possible to
provisionally identify several of the populations depicted in
Figure 8 on the basis of their marker contents.
Populations a' and a" had relatively high specific activities for
alkaline phosphatase and acid phosphatase. On the basis of
Alkaline phosphatase 20 Acid phosphatase 15 NAPDH-cvt. C reductas
Na,K-ATPase 15 Protein
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Fig. 8. Phase partitioning analysis of density
windows I, II, and III from LLC-PK,/C14 cells
in a pH 6.6 phase system. Phase partitioning
was performed in the thin-layer apparatus
described by Albertsson [7, 81; the aqueous
two-phase system contained 5% dextran T500,
3.5% polyethyleneglycol 8000, 5% sorbitol, 10
/LM EDTA, and 8.3 mss imidazole
hydrochloride, pH 6.6. Elevation above the
partitioning plane is proportional to
percentage of total recovered activity
(calculated as the cumulated products of the
percent yields obtained in each of the
individual separation steps). An interpretation
of this two dimensional separation in terms of
approximate positions of distinct membrane
populations is shown in the bottom panel,
their alkaline phosphatase contents, we identify a' and a" as two
subpopulations derived from the apical membranes. Population
bwas distinct from population a" in its rightward shift along the
partitioning axis and in its relatively lower specific activities for
alkaline phosphatase and acid phosphatase. Population c can be
identified as basalateral membranes on the basis of its high
relative specific content of Na,K-ATPase. Population d is
characterized by its location along the partitioning axis, its
intermediate relative specific activity for Na,K-ATPase and its
relatively low acid phosphatase content. Populations e,f, and g
can be discerned from the peaks in the protein distribution
centered between partitioning fractions 5 and 8 from each
density window.
Subcellular distribution of system A-mediated alanine trans-
port activity. Figure 9 presents the time course of '4C alanine
uptake by a window II sample from an LLC-PK1 preparation in
the presence and absence of N-(methylamino)isobutyric acid.
Uptake appeared to proceed linearly for as long as 15 seconds.
Figure 10 shows the distribution of system A transport activity
between the membrane populations. As can be seen, the
basalateral membrane population (c), contains less than 10% of
the cells' total system A transport activity. Interestingly, the
major locus for system A transport activity was in the sample
population a" suggesting an apical membrane localization for
this system. If this were the case, then the system A-mediated
transport activity present in intracellular membranes would be
only about 40% of the cells' total and as such would be too small
to significantly increase the system A-mediated transport activ-
ity by serving as a recruitable pool. System A seems heteroge-
neously distributed between a' and a" compared to alkaline
phosphatase. One explanation for this distribution is that pop-
ulation a" represents a microdomain of the apical membrane
distinct from population a'. The other possibility is that popu-
lation a" is overlapped by intracellular membranes with the
same density/phase-partitioning characteristics as the brush
border membranes in this population. Therefore, the intracel-
lular pool of system A-mediated alanine transport activity could
contain up to 90% of the cells' total.
Discussion
To survey the subcellular distribution of amino acid transport
activity in the rabbit proximal tubular epithelium, we designed
a comprehensive analytical subcellular fractionation procedure.
By analyzing the distributions of biochemical markers following
a sequence of separation procedures detecting three different
membrane properties, we have been able to delineate a mito-
chondrial population and 20 physically distinct microsomal
membrane populations. These included populations derived
from brush border (n) and basalateral (c' and c") membranes,
the endoplasmic reticulum (1), and the Golgi complex (m', m",
and o). Other populations cannot yet be identified, but their
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Fig. 9. Time courses of uptake of '4C alanine by a window II sample
from a LLC-PK,/C14 preparation in the presence and absence of
N-(methylamino)isobutyric acid. Symbols are (•) Na-dependent '4C
alanine uptake; (0) Na'-dependent '4C alamne uptake in the presence
of N-(methylamino)isobutyric acid.
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relatively low specific content of the traditional plasma mem-
brane markers, maltase and Na,K-ATPase, and high contents
of acid phosphatase, NADPH-cytochrome c reductase, and
galactosyltransferase indicate that they were derived from
intracellular structures rather than the plasma membranes.
In agreement with the sodium-gradient hypothesis, alanine
transport across the brush border membranes was mediated
primarily by the Na-dependent systems 1+2 described earlier
by Mircheff and co-workers [2]. Some Nat-independent alanine
transport activity was observed in samples of the brush border
membrane populations, but this could be attributed to mem-
branes spilling over from a neighboring, intracellular, mem-
brane population, population o. Also in agreement with the
sodium-gradient hypothesis, alanine transport across the
basalateral membranes was mediated primarily by a Na-
independent system; this system resembles the classical system
L, and it is similar to the Na-independent system described in
partially purified basalateral membrane preparations from rat
small intestine [3].
Our samples of the basalateral membrane populations exhib-
ited some Na-dependent alanine transport activity, which was
mediated by the brush border characteristic systems 1+2.
However, most if not all, of this activity can be attributed to
membranes spilling over from population i. In addition to their
association with the brush border and basalateral membrane
populations, Na-dependent and Na-independent amino acid
transport activities were also present in a variety of intracellular
membrane populations. Na-dependent systems 1+2 were
present at particularly high levels in the Golgi-related popula-
tion o and in population i; the Na-independent system L was
also especially prominent in these two populations. The Nat-
dependent systems A and ASC could also be detected in
various membrane populations.
Systems A and ASC have been characterized in the plasma
membranes of non-epithelial cells [10, 11], in the basalateral
membranes of intact LLC-PK1 cells [20], and in a partially
purified preparation of intestinal basalateral membranes [3].
Interestingly, in the renal cortex preparation, these Na-depen-
dent systems were concentrated in intracellular populations (A
in populations I and m' + m" and ASC in populations I and p)
and only poorly represented in the brush border and basalateral
membrane populations.
Our survey of the LLC-PK1/C14 alanine transport systems in
samples obtained by density gradient centrifugation revealed
the presence of systems 1+2, A, ASC, and L in all three density
windows.
As described in the Results, the basalateral membranes
contained, at most, 10% of the system A transport activity. The
major locus of system A activity appeared to be in the brush
border populations (a' and a"), which contained roughly 50% of
the total recovered system A activity. These populations are
high in acid phosphatase content and specific activity and
therefore it is possible that these populations are overlapped by
membranes of intracellular origin. The remainder of the system
A transport, roughly 40% of the total, was associated with
intracellular membrane populations. We estimate that between
40% and 90% of the total system A transport activity is
associated with membrane populations of intracellular origin.
The association of transport with membranes of apparent
intracellular origin in the LLC-PK1 preparation cannot easily be
attributed to a minor cell type. This finding supports the
argument that the membrane populations from kidney cortex
that were provisionally identified as loci of intracellular amino
acid transport activity were in fact derived from intracellular
membranes and not from different proximal tubule segments
that contaminate the cortex preparation.
Intracellular pools of glucose transporters [1, 22], Na/H
antiporters [14, 15], proton pumping ATPases [23, 24], Na,K-
ATPase [6, 13, 16] and ADH-sensitive water channels [25] have
already been demonstrated in various tissues. Association of
amino acid transport activity with intracellular membranes has
not previously been shown directly, but the existence of such
pools has already been inferred on the basis of indirect evi-
dence. That is, Dawson and Cook [4] found that phorbol
ester-mediated increases in system A-mediated amino acid
transport in LLC-PK1/C14 cells were accompanied by exocyto-
sis of a fluid phase marker, and Goshima and co-workers [5]
found that insulin-mediated increases in amino acid transport
activity in KB cells were correlated with an increased plasma
membrane surface area. Therefore, it is possible that amino
acid transporters in one or more of the intracellular populations
we have delineated might represent reserve pools which are
available for rapid translocation to the brush border or basalat-
eral plasma membranes. For example, the intracellular pool of
system A activity seen in the LLC-PK1 cell preparation could
represent a reserve that is redistributed to the apical membrane
when transport across that basalateral membrane becomes
inadequate. The fact that parathyroid hormone regulates prox-
imal tubular Na/H antiport activity by internalizing surface
Na/H antiporters suggests that the intracellular amino acid
transporter pools in cortex may also have some regulatory
significance [26]. Other possibilities that can be envisioned
relate to the de novo synthesis and assembly of plasma mem-
brane-destined transporters and to the resegregation of trans-
porters which properly belong to the brush border or basalateral
membranes but which might conceivably be intermingled as a
consequence of ongoing transcytosis [27].
Reprint requests to Charles B. Hensley, Ph.D., Department of
Physiology and Biophysics, University of Southern California School of
Medicine, 1333 San Pablo Street, Los Angeles, Cal jfornia 90033, USA.
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